population in mice as a response to toxic activity of endotoxin has been developed for quantitative determination of endotoxin. The method is relatively easy to perform, fairly precise and satisfactorily reproducible in estimation and sufficiently sensitive for detecting relatively small amounts. A particular advantage is that the assay can be completed within a few hours. There has been a fairly good correlation between the toxicity estimated by the method and the pyrogenicity for rabbits with several kinds of biological products.
The relative toxicities of some bacterial vaccines were also estimated by the method.
INTRODUCTION
Endotoxin exhibits various kinds of biological functions, many of which have been used for quantitation of endotoxin.
However, some procedures are time-consuming and cumbersome for precise estimation and others not sufficiently sensitive. Pyrogenicity for rabbits provides a sufficiently sensitive method widely used for biological assay of endotoxin, though its reliability is not always beyond dispute (Bangham, 1971) . Lethality for 11 day chick embryos could also provide an assay method with a sensitivity and precision comparable to those of that using pyrogenicity for rabbits (Milner and Finkelstein, 1967) . Chervenick et al. (1967) reported a striking change in peripheral leukocyte kinetics in mice following ip or iv injection of a relatively small amount of an endotoxin preparation and that the size of the change to be dependent on the dose of endotoxin injected. Their data seem to suggest a possibility for sufficiently sensitive and precise assay for endotoxin. However, there has been no report on this subject since then.
We developed a new biological assay method for quantitative determination of endotoxin using hematologic response in mice as a measure of the toxic activity. The method is easier to perform than the method determining the pyrogenicity for rabbits
and also fairly precise in estimation with relatively small number of animals. Its sensitivity is comparable to that determining temperature rise in rabbits or deaths of chick embryos.
The assay may be completed within a few hours. Mouse: Conventional about 4-week-old female mice of a random bred stock (dd-Shizuoka) were used. Only those showing regular body weight increase during a preparatory observation period for a few days after purchase from the breeder were randomly allotted to materials or doses.
Injection of materials: Materials were injected intraperitoneally into mice in 0.5 ml, unless otherwise specified. Dilution, if necessary, was made in physiological saline solution having been proved by a control test to be free from contamination with any substance causing any significant change in peripheral leukocyte population.
Preparation of leukocyte suspension for electronic counting or sizing: A 0.01-m1 portion of blood flowing out from a small cut made with a sharp razor blade on the tail was taken into a micropipet and added to 10 ml of filtered saline. Such factors which might affect the peripheral leukocyte population as repeated sampling of blood, ether anaesthesia, and heating of the tail (Chervenic et al., 1968) , were avoided. To the leukocyte suspension added was 0.1 ml of CAC for leukocyte counting or 0.3 ml of the saponin solution for sizing. A Coulter counter model B (Coulter Electronic Inc., St. Hialeah, Florida) with aperture of 100 p in diameter was used for counting and sizing. Counting was made within 30 min after addition of CAC, during which time decrease in leukocytes was negligible. The properties of cethyltrimethyl ammonium chloride were similar to those of bromide salt described by Hatch and Balazo (1961) .
Microscopical examination of peripheral leukocytes: Morphological examinations of leukocytes were made on Giemsa-stained smears. Three hundred cells were examined to differentiate neutrophils, small lymphocytes and monocytes. Discrimination of medium and large lymphocytes from monocytes was not attempted.
Test for pyrogenicity:
The test was conducted in essentially the same way as prescribed in the method for the pyrogen test in the Minimum Requirements for Biological Products (Ministry of Health and Welfare, 1971) .
The discrimination of pyrogenicity of endotoxin from that of influenza virus pyrogen was made based on the fact that the latter is completely destroyed by heating at 70 C for 30 min but the former is not affected by this treatment (Kurokawa et al., unpublished data) . Different patterns of pyrogenic response in rabbits between endotoxin and influenza virus will also be referred to.
Statistical analyses o f the data : The statistical analyses were carried out mostly according to Finney (1964) . All significance tests were made at a probability p = 0.05 and all fiducial limits are expressed at 95 % probability level, unless otherwise stated. 
RESULTS
Change in Peripheral Leukocyte Population in Mice after Endotoxin Inoculation Figure 1 shows an example of peripheral leukocyte kinetics in mice after ip inoculation of 25 pg of WE-1.
The pattern is similar to those observed by Chervenick et al. (1967) in mice injected intraperitoneally with 5 or 25 pg of their endotoxin preparation.
The least leukocyte count in mice appeared 2 hr after injection with WE-1. In subsequent experiments, therefore, leukocyte counts were made 2 hr after injection of materials, unless otherwise specified. In relatively a wide range of graded doses of WE-i, from 0.025 to 6.25 pg, an appearently linear regression line of log number of leukocytes versus log dose of endotoxin was demonstrated (Fig. 2) . Before logarithmic transformation of leukocyte count was performed, the nonlinearity of the regression was significant, as shown in Table II , and the variance was dose-dependent, as shown in Table III . In addition , we had evidences showing that logarithmic transformation is a choice of metameter ASSAY OF ENDOTOXIN USING LEUKOCYTE CHANGE of leukocyte count (Ishida and Kurokawa, 1971) . Therefore log number of leukocytes was used for statistical analysis in the present experiments.
More than 11 experiments using 2 to 5 graded doses of WE-1 were carried out (Table IV) .
On statistical analyses using log number of leukocytes, there were no The vertical line indicates the confidence interval of the mean calculated using common variance.
The control counts were made with 10 mice. Variance analysis of the data given in Fig. 2 I) The count not logarithmically transformed Vol. 27 KUROKAWA et al. With such an extremely small dose as 0.025 pg, a rather increased number of leukocytes was obtained (Fig. 3) Variance analysis of the data given in Fig . 4 line, therefore, extended to the other side beyond the level of normal leukocyte count obtained from mice given physiological saline alone .
Experiments were performed to examine the pattern of the shift in leukocyte response from positive to negative. A dose response line obtained with graded doses of WE-1 covering from a small part of an MPD displayed a hump formation having the peak at a dose of about a quarter of an MPD (Fig . 3) .
In Fig. 4 examples of regression lines of log number of leukocyte versus log dose for several biological products are presented.
There were little significant deviations from parallelism between the regression lines of these biological products and that of endotoxin (Table V) For the methods for cell sizing see the text.
terms of relative activity to a reference preparation of endotoxin.
Log number of peripheral leukocytes counted 2 hr after iv inoculation of materials gave a linear regression versus log dose, too (Fig. 5) . The regression coefficient and the index of precision were -0.128 and 0.72, respectively. None of the results suggested that the iv route allows more precise estimation than the ip route. presented in Fig. 6 . No distinct second peak in the region of large-sized cells was apparent in the control mice, though such a peak may sometimes be observed around the window numbers 18 to 20 in normal untreated mice. In mice given with a relatively small dose, e. g. 0.025 pg, increased were not only large-sized cells, being represented mainly by granulocytes, to a marked extent, but also small-sized cells, probably belonging to small lymphocytes, to a certain extent. The first peak in the region of small-sized cells seemed to have shifted rightward to a certain extent, while little shift was observed in the second peak. When a relatively large dose was inoculated, both small-and large-sized cells were shown to have clearly decreased. It appears that there was a somewhat leftward shift in the first peak. With a medium dose, small-sized cells also decreased and a somewhat rightward shift in the second peak may have occurred. Microscopical examinations performed on smears of tail blood confirmed the above findings. The majority were lymphoid cells and the larger-sized cells granulocytes and large lymphoid cells regardless of the dose inoculated. In mice inoculated with a small or medium dose of endotoxin, juvenile, nonsegmented cells were found to have increased in number to a certain extent, which may account for a little, if any, rightward shift of the second peak in mice given with a medium dose. The shift of the first peak remains to be explained. The activity producing change in leukocyte population in mice of several biological products correlated roughly with the pyrogenicity for rabbits (Fig. 7) . For the method for measuring temperature rise see the text. For the material used see Table I. ASSAY  OF ENDOTOXIN  USING  LEUKOCYTE  CHANGE According to the method for the pyrogen test given in the Minimum Requirements (Ministry of Health and Welfare, 1971) , the amounts of injection per kg of rabbit body weight are 3 ml for Weil's disease therapeutic serum and human serum albumin, 10 ml for human plasma protein fraction, 2.5 ml for reconstituted dried human fibrinogen and 1.0 ml for normal human immunoglobulin . In this experiment mice received two dose levels, 0.5 and 1.0 ml of human plasma protein fraction , and 0.25 and 0.5 ml of four other products.
Plotting the febrile responses, was made without any correction; the value of leukocyte count was corrected with the common regression coefficient obtained in Table IV so that the ratio of amount injected into rabbit to that into mouse would be comparable to that of the influenza vaccine. For all the influenza vaccine materials, the amounts injected per kg of rabbit and per mouse were 1 ml and 0.5 ml , respectively. Therefore, the actual values of the responses to the influenza vaccine were plotted without any correction.
The coefficient of the correlation between leukocyte count and temperature rise was estimated to be -0.89 with the fiducial limits of -0 .79 and -0.95.
Application of Proposed Method to Toxicity Testing of Typhoid Vaccine
Toxicity tests of the International Standards for Typhoid Vaccine (L and K) using weight change in mice as a response was presented by Spaun, Davidson and Larson (1965) . The results were considered to have reflected the experiences from field trials in men.
We calculated the relative toxicity of vaccine L to vaccine K based on the data presented by Spaun et al. (1965) . The relative toxicity was 2.00 from the body weight on day 1, and 1.58 from that on day 2 after inoculation of the vaccines (see Appendix).
Those figures were fairly consistent with those of mean relative opacity and relative total nitrogen content of vaccine L to vaccine K , which were 8.20/5.84=1.41 and 1.54/1.07=1.44 (Walter Reed Army Institute of Research, 1964 ), respectively.
We tested these vaccines for the capacity of inducing the change in leukocyte population. The test was carried out twice with three doses of each vaccine (Fig. 8) .
The relative toxicity of vaccine L to vaccine K. was estimated to be 0.70 in one trial and 0.71 in the other on the dry weight bases, or 2.18 and 2.20 on the bacterial cell concentration basis, respectively. The values are fairly comparable to those mentioned just above. According to Kuratsuka and Irisawa (1963) , who tested pyrogenicities of various kinds of vaccines produced in Japan, typoid-paratyphoid vaccines and diphtheria-pertussis vaccines were positive in rabbit pyrogen tests at a dose of 0.001 ml or less per kg body weight and a majority of cholera vaccines at a dose of 0.01 ml per kg. The endotoxin preparation used as the reference in the present experiments produced posi-185 ASSAY OF ENDOTOXIN USING LEUKOCYTE CHANGE tive febrile response at a dose of 0.1 pg per kg of the rabbit; it may be considered that the results presented in Table VI are fairly consistent with those of Kuratsuka and Irisawa (1963) . Endotoxin contents of some influenza vaccines estimated in the same way are also presented in Table VI . The influenza vaccine 5 was an example of vaccines with relatively strong pyrogenic activities and the vaccine 1 of those with relatively weak pyrogenic activities (Fig. 7) .
Estimation of Endotoxin Content of Bacterial Vaccines and Influenza Vaccines

DISCUSSION
The effects of endotoxin on leukocytes received an extensive review by Atkins (1960) ; the references of this review are not dealt with comprehensively in the present paper.
There have been many reports showing that a remarkable change in peripheral leukocyte population results from administration with endotoxin or an endotoxin-containing material to the human (Stuart, 1952; Heilmeyer 1957; Wendt and Kim, 1959; Craddock et al., 1960; Mechanic et al., 1962; Wolff et al., 1965; Boggs et al., 1968b; . Ostlund, Bishop and Athens, 1971) , the dog (Tui and Schrifft, 1942; Perry et al.,. 1957; Herison, Walker and Palmer, 1960; Athens et al., 1961; Fukuda and Murata, 1963; Boggs, Cartwright and Wintrobe, 1966; Boggs et al., 1968a) , the rabbit (Tui and Schriff t, 1942; Farr and LeQuire, 1950; Dawson and Todd, 1952; Fukuda and Matsumoto, 1959; Herion, Walker and Palmer, 1960; Mulholand and Cluff, , 1964; Kanoh and Kawasaki, 1966) , the guinea pig (Bennett, 1951) and the mouse (Ritts,. Young and Arndt, 1964; Chervenick et al., 1967) . Wolff et al. (1965) stated that there was no correlation between magnitude of fever and hematologic changes in individuals, but a correlation was demonstrated between the dose of endotoxin administered and hematologic response. Dawson and Todd (1952) also noted that there was no correlation between temperature rise and leukocyte count in individual rabbits. They, suggested, however, that small lymphocyte count rather than temperature measurement might be a more accurate method for assaying pyrogen, because the standard deviation in cell count was a smaller fraction of the response than in temperature response.
On the other hand, Mechanic et al. (1962) noted a linear relationship between endotoxin dose and mean leukocyte respcnse in man up to a certain dose level. Chervenick et al. (1967) indicated that the neutrophil response to endotoxin in the mouse was dose-related.
Data showing that leukocyte count was dependent upon the amountt of endotoxin injected were reported also by Farr and LeQuire (1950) and Boggs et al. (1968b) . We demonstrated a linear log dose-response metameter regression in mice over a relatively wide range of dose of endotoxin.
According to the experiences in this laboratories, the index of precision of an estimate, A, for the temperature rise in rabbits was 0.99, when the difference between the preinoculation temperature and the maximum temperature during the 3-hrobservation period after inoculation of a test material was taken as a response. Thus to obtain the same precision of an estimate of endotoxin content as that obtained from the peripheral leukocyte count in mice, 1.8 times as many rabbits as mice should be used in an assay.
Some authors mentioned that changes in leukocyte population might be a more sensitive index of endotoxin effect than fever in man (Mechanic et al., 1962) , the dog Vol. 27 KUROKAWA et al. (Boggs et al., 1966) and the rabbit (Farr and LeQuire, 1950) . According to the last authors, a small dose of endotoxin causing little or no febrile response in rabbits evoked distinct mononuclear leukopenia and neutrophil leukocytosis . Stuart (1952) and Heilmeyer (1957) also reported that subf ebrile doses produced leukocytosis in man.
The minimum dose of WE-1 causing mean temperature rise of 0.6 C in rabbits was estimated to be approximately 0.1 pg. In the present experiments, 0.025 ,cog of WE-1 induced distinct leukocytosis, while 0.01pg produced neither leukopenia nor leukocytosis. Therefore, utilizing this phenomenon, one can develop a more sensitive method for determination of endotoxin than by the pyrogenicity test in rabbits.
In the present experiments, the total leukocyte count was taken as a response to endotoxin. However, mechanisms involved in changes in peripheral leukocyte population induced by endotoxin may be much complicated.
Herion, Walker and Palmer (1960) using dogs and rabbits reported that the initial decrease in leukocytes was attributable to granulocytopenia and lymphopenia and that subsequent leukocytosis to granulocytosis. Mechanic et al. (1962) stated from their experiments in man that the changes in both granulocyte and mononuclear cell populations were proportional to the dose of endotoxin given. On the other hand , Wolff et al. (1965) observed that leukopenia occurring in man after endotoxin administration was accounted for by decreased lymphocytes while granulocytopenia was slight, if any. Moreover, Mulholland and Cluff (1964) described peripheral leukopenia attributable to neutropenia in rabbits induced by endotoxin. Chervenick at al. (1967) mentioned change in number of neutrophils alone. Our data were not consistent with any of those observations. These discrepancies might be explained by different animal species, endotoxin preparation or dose administered.
It seems necessary to examine if differential leukocyte 6counting provides a more precise method for quantitative determination of endotoxin. Ritts et al. (1964) proposed a leukocyte index defined as the difference between leukocyte count at apparently maximal leukopenia and that at apparently maximal leukocytosis as a measure of response. We have not examined whether the index has any merit.
Apart from the problems mentioned above, it is clear that the log transformation of the peripheral leukocyte count 2 hr after inoculation of a material allows the parallel line assay (Finney, 1964) .
Another sensitive method for quantification of endotoxin determining lethality for pchick embryos has been presented . This method is as sensitive as and replaceable the method determining temperature rise in rabbits (Milner and Finkelstein, 1967) . From the data obtained in this laboratory (Fukumura and Yoshikawa, personal communication), the precision index, A, of the method is 0.48, being comparable to that for the present method.
The epinephrine skin test also seems to be fairly sensitive. According to McGill, Porter and Kasse (1970) , however, the precision may not be sufficient. Data reported by Kampschmidt and Upchurch (1962) and Baker and Wilson (1965) suggest that hypof erremia in rats or mice provide a highly sensitive assay method. According to Hirata, Inada and Yoshida (1971) , however, the sensitivity of the hypof erremia reaction was similar to that of the bone marrow reaction (Yashida et al., 1968) .
Recently, attempts at increasing susceptibility of experimental animals to endotoxin have been reported (Moon and Berry, 1968; Moon, 1972; Pieroni et al., 1970; .Filkins, 1970; Dowling and Feldman, 1970; Levin, Tomasulo and Osler, 1970; Wong ASSAY OF ENDOTOXIN USING LEUKOCYTE CHANGE et al., 1973) . Studies on this subject are in progress (Kuratsuka et al., 1972 * The standard error , 0.155, given by Spaun et al. (1945) was used for the calculation of the fiducial limits.
